Hard-carbon is considered as one of the most promising anode materials for sodium-ion batteries (SIBs). Now it is imperative to develop a proper preparation method to obtain hard carbon anode particles with high initial coulombic efficiency and good cycling performance. In this paper, we have successfully prepared high performance hard carbon anodes, by selecting abundant and low-cost pinecones as biomass precursor and optimizing the preparation parameters of pinecone-derived hard carbon (PHC). The microstructure of PHC is studied by X-ray diffraction (XRD), Raman spectroscopy, high-resolution transmission electron microscopy (HRTEM) as well as nitrogen adsorption-desorption isotherm methods.
Introduction
Nowadays, lithium-ion batteries (LIBs) are generally utilized in various kinds of electronic products and electric vehicles. However, the amount of lithium resources and the high cost limit the large-scale applications of LIBs. [1] [2] [3] The neighbor of lithium in group 1 in the periodic table, sodium element, has similar physical and chemical properties to lithium. 4 In addition to this, the wide distribution of sodium in the oceans and its low cost also make sodium-ion batteries the most promising candidate for extensive energy storage applications. [5] [6] [7] [8] [9] Several kinds of cathode materials for SIBs have been already prepared with excellent potential properties. [10] [11] [12] [13] However, few anode materials have the ability to fully meet the large-range commercial applications. Graphite has been generally used as anode in LIBs, with the reversible specic capacity of 372 mA h g À1 and a low voltage plateau of 0.1 V. 14, 15 However, on account of the limitation of interlayer spacing and intrinsic crystal structure, sodium ion could hardly intercalate into the graphitic layers. 16, 17 Expanded graphite synthesized by chemical oxidation and partial reduction method was used as anode material of SIBs, with a reversible specic capacity of 284 mA h g À1 at a current density of 20 mA g
À1
, only showed an initial coulombic efficiency of 49.5%. 18 So far, several kinds of anode materials, including carbon-based materials, [19] [20] [21] [22] [23] alloys, [24] [25] [26] Ti-based oxides, 27 and organic compounds 28 have been investigated. Nevertheless, the barriers of structure instability, high discharge potential, low initial coulombic efficiency and low reversible specic capacity for those various anodes still exist. Different from graphite, hard carbon with amorphous structure has shown the greatest potential as practical anode material of sodium-ion batteries (SIBs). [29] [30] [31] [32] In recent years, researchers are paying more attention to synthesizing hard carbon via abundant biomass-based materials, [33] [34] [35] [36] instead of expensive inorganic materials. Utilization of biomass could not only decrease the cost but also solve the pollution from incinerating abundant waste biomass. Besides that, the battery energy density could be maximized by using high capacity hard carbon anode. Although biomass-based hard carbon exhibits a fair electrochemical property in SIBs, the low initial coulombic efficiency and the weak cycling performance hinder the commercial application of the hard carbon anode material for SIBs. To deal with such tasks, selecting proper biomass resources of hard carbon should be important. Hard carbon prepared from harmful algal blooms only had an initial coulombic efficiency of 52.1%, a specic capacity of approximately 230 mA h g
, and instable cycling performance. 37 The hard carbon derived from banana peels with additional airactivation process, showed an initial coulombic efficiency of 67.8%, and had a specic capacity of 298 mA h g À1 aer 300
cycles. 38 The hard carbon electrode made from leaves had a specic capacity of 320 mA h g À1 at a current density of 
Experimental

Materials synthesis
PHC was prepared by a two-step carbonization method using pinecone as carbon source. Firstly, dried pinecones were smashed into ne powders by a grinder and fractioned by passing 300-mesh sieve. Then the powders were pre-pyrolyzed at 500 C for 2 hours in a tube furnace under argon atmosphere. The argon ow rate was 80 cm 3 min
À1
, and the furnace cooled naturally. The yield was 33%. Secondly, the pre-pyrolyzed PHC powders were dispersed in 20% wt KOH solution at 60 C for 3 hours, then ltered, and dispersed in 3 M HCl solution at 60 C for 5 hours under stirring to remove impurities. The obtained PHC powders were further rinsed by deionized water, then ltered, and dried at 120 C for overnight in a vacuum oven. Thirdly, the pre-pyrolyzed clean PHC powders were carbonized again in a tube furnace under argon atmosphere at different temperatures (500 C, 800 C, 850 C, 900 C, 1000 C, 1200 C, 1400 C, 1600 C) for 2 hours with a heating rate 5 C min À1 and a argon ow rate of 80 cm 3 min
. The yield was 80%. Finally, we obtained several pinecone derived hard carbon samples and labeled them as PHC500, PHC800, PHC850, PHC900, PHC1000, PHC1200, PHC1400, PHC1600, respectively.
Materials characterization
TGA analysis was carried out using a diamond TG/DTA, heating from room temperature to 800 C at heating rate of 5 C min
À1
in N 2 atmosphere. XRD (Ultima IV; Cu Ka l ¼ 1.54050Å) and
Raman patterns (LABRAM HR EVO) were utilized to characterize the structure of PHC. Scanning electron microscopy (SEM) observations were carried out on a Hitachi SU8020 microscope operated at 5.0 kV for representing the surface microtopography. High-resolution transmission electron microscopy (HRTEM) observations measurement were performed with a JEOL JEM-2100 microscope operated at 200 kV for detecting the d (002) . The nitrogen adsorption-desorption isotherms of PHC samples was reported by extended surface area and pore size analyzer (MicroActive for ASAP 2460). Specic surface was measured by the Brunauer-Emmett-Teller (BET) method and pore size distribution was determined by the Barrett-Joyner-Halenda (BJH) method.
Electrochemical measurements
All the electrochemical tests of the PHC electrodes were determined in half cells (CR2025) with Na foil (homemade) as the counter electrode. The working electrode was prepared by spreading the mixed slurry of active material and sodium carboxymethyl cellulose (CMC) binder in water solvent with a weight ratio of 90 : 10 onto Cu foil, and then dried at 120 C overnight in vacuum oven. The loading density of active material was adjusted between 1.5 and 2.5 mg cm À2 . The electrolyte was 1 M NaClO 4 dissolved in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a volume ratio of 1 : 1. Glass ber was used as the separator. The coin cells were assembled in the argon-lled glovebox with oxygen content and water content less than 0.1 ppm. The galvanostatic discharge and charge tests were performed using Land CT2001A (Wuhan, China) battery test systems in the voltage range of 0.001-2 V at various C-rates at room temperature. Cyclic voltammetry (CV) and electrochemical impedance spectra (EIS) tests were carried out on electrochemical workstation (Bio-logic VMP-3).
Results and discussion
The PHC was prepared by a simple thermal carbonization process, and the schematic diagram of synthesis route is shown in Fig. 1 . The physical structure parameters of PHC powders examined by XRD, Raman and BET gas sorptometry measurement are shown in Fig. 2 and Table 1 . XRD patterns indicate that all PHC samples have partially disordered crystal structure ( Fig. 2a and b) , consisting of one relatively strong broad peak at about 23 and another weak broad peak at about 43 , which correspond to (002) and (100) diffractions. It is clearly that the (002) peaks move to higher angle slightly as carbonization temperature increasing. Then the calculated d (002) decreases from 0.421 to 0.375 nm, which are much higher than that of graphite (0.34 nm) and will facilitate the insertion of big Na + in carbonate electrolyte. The calculated stacking height (L c ) increases from 1.12 to 1.91 nm gradually, indicating more graphene layers are piled in graphene-like crystallite region. From PHC carbonized at 800 C, the (100) peaks appear clearly. To measure the lateral size (L a ) value more accurately, we use Scherrer equation based on (002) and (100) XRD peaks and Raman-based equation. 43 The (L a ) increases slightly from PHC800 to PHC1600, indicating that the lateral crystalline size increases upon increasing calcination temperature. The lateral size growth is benecial to the storage of more Na + . In general, XRD patterns conrm the overall disordered carbon structure of all PHC samples and the more ordered structure in short range upon increasing carbonization temperature. The Raman patterns ( Fig. 2c and d) show two broad peaks, approximately centered at 1351 (D-band) and 1582 cm À1 (G-band), which belong to characteristic disordered carbon structure. As carbonization temperature rising, the full width half-maximum (FWHM) of G-band and D-band decrease and the integrated strength ratio (I G /I D ) increase. This phenomenon indicates that the order degree of the PHC is being higher and higher in short range. Fig. 2e and f exhibit the N 2 adsorption-desorption isotherms and the BJH pore size distribution. The values of the BET surface area, total pore volume and average pore diameter are listed in Table 1 . It can be seen that PHC carbonized at high temperature has lower BET surface area, lower total pore volume and bigger average pore diameter. All the PHC powders belong to mesoporous material and the average pore diameter exceed 2 nm, especially PHC1600 has the largest pore diameter of 8.9 nm. Generally speaking, smaller specic surface area of anode powder will produce higher initial coulombic efficiency in lithium-ion battery operation. , and lower initial coulombic efficiency of 39.7%, 33.3%, 67.1%, 77.6%, respectively. From the analysis of the results, it can be seen that when the carbonization temperature exceeds 1000 C, the initial coulombic efficiency of the obtained PHC does not vary much.
The particle morphology of all PHC materials is examined by scanning electron microscope (SEM) and shown in Fig. S2 . † Low magnication SEM images (Fig. S2a1-h1 †) show that all PHC materials are composed of irregular-shaped secondary particles with average size around 16-20 mm. High magnication SEM images (Fig. S2a2-h2 †) show that all particles have sh-scalelike coarse surface and micrometer sized pores. The porous structure of PHC materials should benet the ion transportation in electrolyte, and improve the electrochemical performance of PHC electrodes. To examine the micro-structure evolution clearly of PHC materials carbonized at different temperature, HRTEM images are shown in Fig. 3a-h . HRTEM images of sample PHC500, PHC800, PHC850, PHC900 (Fig. 3a-d ) are observed to be typical amorphous carbon structure without any orientation trend of the graphene-like region. Samples of PHC1000, PHC1200, PHC1400, PHC1600 (Fig. 3e-h ) reveal more obvious turbostratic graphitic microstructures with increasing carbonization temperature and graphene-like regions can be clearly seen ( Fig. 3g and h) . The structure information of PHC samples presented by HRTEM images is consistent with the results of XRD and Raman.
To investigate the inuence of carbonization temperature on the electrochemical properties of PHC materials, we perform cyclic voltammetry tests in half cell with Na as counter electrode between 0.001 and 2 V with a scanning rate of 0.1 mV s À1 at 27 C. The CV curves of PHC500 and PHC800 ( Fig. 4a and b) show no sharp peaks and are very different from that of other PHC materials. The CV curves of PHC850 to PHC1600 are similar and consist of one pair of sharp reduction and oxidation peak between 0.001 and 0.25 V, corresponding to Na insertion/ extraction, which is in agreement with previous studies on other hard carbon in literatures. 17, 33, 38 As shown in Fig. 4c , the sharp redox peaks begin appearing clearly from PHC850 material, which has a higher initial coulombic efficiency and reversible capacity compared to PHC800 material (see Table 2 ). It can be clearly seen that the additional two weak peaks between 0.2 and 1.0 V at rst CV scan disappear in the subsequent cycles, which is a common phenomenon and can be attributed to the formation of solid electrolyte interface (SEI) and other irreversible reaction. Totally speaking, the rst three CV curves of PHC900 to PHC1600 overlap well, implying that PHC should have stable cycle performance in long-term cycling tests. We can obtain some kinetics information of Na insertion/extraction from the peak height value in CV curves for PHC materials. Higher CV peak height value means better rate performance in charge-discharge tests. Fig. 4d-h show that the peak height value decrease as the sequence of PHC900, PHC1400, PHC1200, PHC1000, PHC1600, which is consistent with the rate performance tests. As shown in Table 2 , the capacity ratio of 0.5C/0.1C and 1C/0.1C show the same trend, decreasing as the sequence of PHC900, PHC1400, PHC1200, PHC1000, PHC1600.
Coin cell (2025) with a metallic Na counter electrode were used to evaluate the electrochemical performance of PHC electrodes. Initial charge/discharge curves at 0.1C (30 mA g À1 ), Fig. 3 (a-h) HRTEM images of PHC500, PHC800, PHC850, PHC900, PHC1000, PHC1200, PHC1400 and PHC1600, respectively. the comparison of ICE, capacity contribution of slope and plateau, and the cycle performance is displayed in Fig. 5 . The corresponding detailed data is shown in Table 2 . It is seen that carbonization temperature has a great effect on the electrochemical property of PHC materials. 44 As increasing temperature in the range of 800-1400 C, the ICE and the reversible capacity increased gradually. PHC1400 exhibits the highest ICE of 85.4% (Fig. 5c ) and reversible capacity of 370 mA h g À1 (Fig. 5d ) among all the PHC materials. When temperature exceeding 850 C, the plateau around 0.1 V can be seen clearly from the curves, and the contribution of plateau capacity increases upon increasing the carbonization temperature. For example, PHC1400 has a plateau (0.1 V) capacity as high as 280 mA h g À1 , and a slope capacity of 90 mA h g À1 , which is good for anode material in practical battery application. The capacity retention of all PHC materials exceeds 80%, indicating stable cycling for long term battery tests (30 mA g
À1
, 120 cycles) ( Fig. 5e and f) . PHC1200 shows the highest capacity retention of 96.9%, delivering a capacity of 314 mA h g À1 aer 120 cycles (4 months). For PHC1400 and PHC1600, the capacity retention is 90.3% and 84.7%. According to literature, the sloping zone corresponds to sodium ion adsorption on defects, edges and surface, while plateau zone relates to sodium ion insertion into graphene-like sheets. 45, 46 At 0.1 V plateau, side reactions, such as sodium plating at close to 0 V, possibly happen, and may result the rapid decay of reversible capacity. A comparison of the performance of the PHC1400 with different hard carbons is shown in Table 3 . The result shows that the PHC1400 delivers the highest reversible capacity and a high initial coulombic efficiency.
To investigate the overall rate capability of hard carbon anodes derived from pinecone precursor, we performed galvanostatic charge/discharge tests at various current density ( Fig. 6a-j) . Electrochemical impedance spectra tests for PHC materials are conducted, trying to explain the charge/discharge performance qualitatively ( Fig. 6k and l) . It is noted that no additional conductive carbon, such as graphene, carbon tube, carbon ber or carbon black, is added to the PHC electrode. The charge rate and discharge rate are set to be the same. It is worth noting that a recent report points out hard carbon should have good rate capability in 3-electrode cells. 32 The results are shown in Fig. 6 and Table 2 . All PHC materials recover the capacity of 0.1C rate aer experiencing 2C-high-current discharge, indicating stable structure of PHC anodes. The overall rate capability of PHC carbonized at lower temperature is better than that of PHC carbonized at higher temperature. This may be correlated to the different slope capacity contribution of different PHC anodes. Slope capacity is assumed to adsorption mechanism, while plateau capacity is resulting from sodium ion insertion into graphene-like sheets. Adsorption process has faster kinetics than insertion process intrinsically. Our results from EIS tests conrm the same trend. PHC800-1000 has relatively small internal resistance (which can be calculated from the circle diameter). The overall internal resistance increases gradually for PHC1000-1600. As shown in Fig. 6k , the Nyquist plots vary little at around 0.1 V, so EIS data at 0.1 V for all PHC anodes are measured (Fig. 6l) .
To evaluate the effect of impurity on the electrochemical properties of PHC materials, we tested cycling performance of washed and unwashed PHC1400 (Fig. 7) at 0.1C (30 mA g À1 ).
The impurities of washed PHC1400 estimated by SEM-EDX tests are obviously less than unwashed sample (shown in Table 4 ) and the ash ratio decreases from 1.46 to 0.008 wt% aer cleaning process. As shown in Fig. 7a and b, the washed PHC1400 exhibits a better cycling performance than unwashed PHC1400. The capacity of washed and unwashed PHC1400 is 328 mA h g À1 and 299 mA h g À1 aer 100 cycles, corresponding to capacity retention of 91.1% and 83.3%. Fig. 7c and d show the 1st, 25th, 50th, 75th and 100th discharge/charge proles of the washed and unwashed PHC1400 electrode at 0.1C (30 mA g À1 ). The plateau capacity decays faster for unwashed PHC1400 in subsequent cycles. The reason may be that impurities occupy some active sites impeding sodium ion insertion process. And our results conrm that a suitable cleaning process is very essential for preparing high performance hard carbon anode derived from biomass precursor. 
Conclusions
In summary, we have synthesized porous hard carbon anode powders derived from abundant natural and low-cost pinecone (PHC) by a simple two-step carbonization process. PHC anode exhibit excellent electrochemical performance that can meet requirements of large-scale commercial application. Our results conrm that high initial coulombic efficiency and stable cycling can be achieved by controlling key synthesis parameters such as carbonization temperature and cleaning process. The effects of carbonization temperature and impurities on the electrochemical performance of PHC materials are carefully investigated. With the increasing of carbonization temperature, the specic surface of all PHC materials decreases, the initial coulombic efficiency and the capacity of the low voltage plateau increase gradually. The PHC carbonized at 1400 C shows the best electrochemical performance delivering a reversible capacity of 370 mA h g À1 at the current density of 30 mA g À1 and 334 mA h g À1 aer 120 cycles, with a high initial coulombic efficiency of 85.4%. These excellent properties suggest that PHC is one of the most promising anode material for large-scale sodium-ion batteries application.
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